local scans within the ±1 Mb windows of target CpGs, 21, 9, and 21 cis-acting STRP-based mQTL were detected in CEU (Caucasian residents from Utah, USA), YRI (Yoruba people from Ibadan, Nigeria), and the combined samples, respectively. In contrast, 139,420, 76,817, and 121,866 trans-acting STRP-based mQTL were identified in CEU, YRI, and the combined samples, respectively. A substantial proportion of CpG sites detected with local STRPbased mQTL were not associated with SNP-based mQTL, suggesting that STRPs represent an independent class of mQTL. Functionally, genetic variants neighboring CpGassociated STRPs are enriched with genome-wide association study (GWAS) loci for a variety of complex traits and diseases, including cancers, based on the National Human Genome Research Institute (NHGRI) GWAS Catalog. Therefore, elucidating these STRP-based mQTL in addition to SNP-based mQTL can provide novel insights into the genetic architectures of complex traits.
Introduction
Genome-wide association studies (GWAS) have implicated genetic variants, particularly SNPs (single nucleotide polymorphisms) in human complex traits, including risks for common diseases, drug response, and quantitative gene expression phenotypes (Hindorff et al. 2009 ). For example, previous studies have identified common genetic variants associated with gene expression, known as eQTL (expression quantitative trait loci) Morley et al. 2004; Spielman et al. 2007; Stranger et al. 2007; Zhang et al. 2008) . However, GWAS typically rely on genotyping of SNPs, the most common form of genetic variants in the human genome. Besides SNPs, increasing attention has been targeting structural variants such as copy number variants (CNVs) (Conrad et al. 2010; Cooper et al. 2011; McCarroll et al. 2008; Perry 2008 ), yet little is known about the relationships between structural variants and complex traits.
Over half of the human genome is comprised of repetitive and repeat-derived DNA elements (The International Human Genome Sequencing Consortium 2001) . In particular, short tandem repeats (STRs), also known as microsatellites or simple tandem repeats, which repeat multiple times in a head-to-tail manner of 2-5 base pairs, have been reported to account for 3 % of the human genome (Ellegren 2004) . The length of STRs can be highly polymorphic among different individuals and populations (Payseur and Jing 2008 . In addition, STRs feature high mutation rates as well (Ellegren 2000) , with a mutation rate of 10 −3 to 10 −5 per generation (Pumpernik et al. 2008; Weber and Wong 1993) . Although serving as an important source of genetic variation (Mills et al. 2006) , STRs remain poorly studied due to technical difficulties of capturing highly variable and non-unique parts of the genome (Brahmachary et al. 2014) .
Besides genetic variation, epigenetic systems, such as the methylation of 5′-cytosine at CpG dinucleotides in DNA, also contribute to gene expression (Murrell et al. 2004; Pai et al. 2011; Zhang et al. 2014) . Cytosine modification is known to silence gene expression in cis-regulation (Siegfried et al. 1999) . Recent mQTL (modified cytosine quantitative trait locus) mapping studies suggest that cytosine modifications are partially controlled by genetic variation (Gamazon et al. 2013; Zhang et al. 2010 Zhang et al. , 2014 . SNPs associated with both cytosine modification and gene expression levels were identified in previous mQTL and eQTL mapping studies Zhang et al. 2014) , suggesting that SNPs may underlie the links between epigenetic traits and gene expression phenotypes. However, as an important source of natural genetic variation, STRs' relationships with cytosine modification levels remain to be characterized. Understanding their relationships will provide us a more comprehensive picture of the genetic basis for cytosine modifications, thus enhancing our knowledge of complex traits.
Lymphoblastoid cell lines (LCLs), a widely used human genetics model (The International HapMap Consortium 2003 , 2005 , have been investigated by our group and other investigators for eQTL, SNP-based mQTL, and more recently pQTL (protein quantitative trait loci) Moen et al. 2013; Stark et al. 2014; Zhang et al. 2008 Zhang et al. , 2014 Zhang et al. , 2015 . In the current study, we integrated the cytosine modification levels of 283,540 autosomal CpG sites and the repeat length data of 721 autosomal STRs in 117 unrelated LCLs samples from the International HapMap Project (Payseur et al. 2008; Moen et al. 2013) . We assessed the associations between STRs and cytosine modifications to characterize the STRP-based mQTL, and gained novel biological insights into their potential implications for complex traits. Figure 1 shows the general workflow of this study. Briefly, STRP-based mQTL were identified by assessing the relationships between STRPs and cytosine modifications in two HapMap populations. STRP-based mQTL were then compared with previously identified SNP-based mQTL. Enrichment analysis of KEGG pathways and GWAS loci was performed for cis-and trans-acting STRP-based mQTL, respectively.
Materials and methods

Obtaining cytosine modification data
The cytosine modification data, profiled using the Illumina HumanMethylation450 BeadChip (450 K array), on 133 unrelated HapMap LCL samples (60 CEU samples: Caucasian residents from Utah, USA and 73 YRI samples: Yoruba people from Ibadan, Nigeria) were previously generated by our group (Moen et al. 2013) . The raw data can be downloaded from the NCBI Gene Expression Omnibus (GEO Accession Number: GSE39672). Data processing was described in our previous publication (Moen et al. 2013) . Briefly, we removed those CpG probes that: (1) ambiguously mapped to the human genome (Zhang et al. 2012) ; (2) contained common SNPs if the SNPs located within 20 bp from interrogated CpG sites had minor allele frequency (MAF) >0.01 (based on dbSNP v135) (Sherry et al. 2001) ; (3) had a low calling rate (defined as ≥6 out of 133 samples with a detection p value ≥0.01); or (4) were on sex chromosomes. The final dataset was comprised of 283,540 highly reliable, autosomal CpG sites (Zhang et al. 2012) . Notably, given the short range of potential co-modification effect (Moen et al. 2013 ) and the design of the 450 K array (~20 CpGs per known gene) (Bibikova et al. 2011) , it is expected that the analytical set of 283,540 CpGs do not contain a substantial number of co-modified CpG sites. The M value, defined as the log 2 ratio of the intensities of methylated probes versus unmethylated probes (Du et al. 2010) , was summarized for each CpG site in each individual. The M values were quantile normalized and COMBAT corrected for batch effect across all samples (Bolstad et al. 2003; Johnson et al. 2007 ).
Obtaining STRP data
We used published STRP data from 117 unrelated HapMap LCL samples (59 CEU and 58 YRI) genotyped from Marshfield 5 cM genomic linkage screening sets (Payseur et al. 2008) . This dataset was comprised of 721 autosomal STRPs, which were mapped to the human genome reference at the UCSC website (hg17). Of these 721 STRPs, 51 were di-nucleotide repeats, 149 were tri-nucleotide repeats, 511 were tetra-nucleotide repeats, and 10 were pentanucleotide repeats. To be compatible with the cytosine modification data, we performed coordinate transformation for the STRP data, and lift it over from hg17 to hg19 human genome coordinates. In total, 59 CEU and 58 YRI samples, on which we have both STRP data and cytosine modification levels were included for further analysis.
Identification of STRP-based mQTL
To detect local mQTL, correlations between the length of STRPs and the cytosine modification levels (within the ±1 Mb windows of STRPs) were evaluated. A linear model was fitted for CEU and YRI samples separately: cytosine modification level ~ STRP length + gender + error. This model was used to assess the association between cytosine modification levels and STRP length, and to detect different association patterns between the two populations. Total of 137,984 CpGs and 721 STRPs (159,779 STRP-CpG pairs) were tested in both populations. Adjusted p value was estimated by 1000 permutations for local scans following the max T procedure (Westfall and Young 1993 ). An adjusted p value <0.05 (corresponding to nominal p value <4.0 × 10
) was considered significant. For the whole-genome scan, the same model was fitted, and a nominal p value <10
−5 was considered significant. 283,540 CpGs and 721 STRPs were tested separately in CEU, YRI, and the combined samples. Furthermore, for those STRPs that correlated with over 200 CpGs (defined as master STRPs), we identified the genes within the windows of ±10 Kb from these STRPs. For these genes, KEGG (Kyoto Encyclopedia of Genes and Genomes) (Kanehisa and Goto 2000) pathway enrichment analysis was performed in each population using hypergeometric test. Gene sets containing a minimum of three genes with a Benjamini-Hochberg (Benjamini and Hochberg 1995) adjusted p value <0.05 were reported.
Evaluating gene regulatory functions of STRP-based mQTL
For the significant local STRP-associated CpG sites, we evaluated the within-population correlation between gene expression levels and cytosine modification levels, following our previous publication (Zhang et al. 2014 ). The Affymetrix Human Exon Array 1.0ST was previously used to profile gene expression in the same CEU and YRI samples (GEO Accession Number: GSE9703) (Zhang et al. 2009 ). Briefly, probe sequences were aligned to the human genome (hg19), allowing ≤1 mismatch. Probes with perfect, unique alignments were further filtered by excluding probes containing common SNPs (MAF >0.05) based on dbSNP (Sherry et al. 2001) v135 and probes interrogating multiple genes. Probe intensities were log 2 transformed, background corrected (Borevitz et al. 2003 ) and quantile normalized. Probe intensity was subtracted by the corresponding probe mean across samples. Gene-level expression intensities were summarized as mean probe intensity within each gene. Genes within ±10 Kb windows of significant local STRP-associated CpGs were included in the analysis. In total, 21 and 12 autosomal genes with unique Entrez Gene IDs were included in the analyses for CEU and YRI, respectively. Gene expression levels were then regressed on cytosine modification levels. An adjusted p Fig. 1 Identification of STRP-based mQTL. For both local (±1 Mb windows) and whole-genome scans, linear models were used to identify STRP-based mQTL in CEU and YRI, separately: cytosine modification level ~ STRP length + gender + error. Cis-and trans-acting STRP-based mQTL were then compared with SNP-based mQTL. Enrichment analysis of GWAS loci was performed for cis-acting STRP-based mQTL. KEGG pathway enrichment analysis was carried out for master STRPs (associated with >200 CpGs) from trans-acting STRP-based mQTL value <0.05 following the Benjamini-Hochberg procedure was considered significant.
Comparison between STRP-based mQTL and SNP-based mQTL
To examine cytosine modification variation that cannot be fully explained by SNPs, CpGs that showed significant associations with STRPs in both populations in local scans were compared with our previously detected SNP-based mQTL maintained at the SNP and Copy Number Annotation (SCAN) database (http://www.scandb.org/) . First, we identified SNPs that have been genotyped within the windows of ±1 Mb from the significant CpGs, i.e., those CpG sites showing associations with STRPs in CEU and YRI, separately. Then, we used the SCAN database to identify which STRP-associated CpGs' modification levels were predicted by these SNPs with a nominal p value less than 10 −4 . These CpG sites were then compared with our CpG sites associated with local STRPs.
Enrichment of GWAS loci among STRP-based mQTL
The NHGRI GWAS Catalog has collected published GWAS results for >600 complex traits, including risks for common diseases (Hindorff et al. 2009 ) within a population were removed. The analytic set was comprised of >2 million common SNPs with MAF >0.05 that were genotyped in at least 48 samples in each population. As the majority of published GWAS were carried out in Caucasian samples, we chose to use the CEU samples in this analysis. To assess the enrichment of GWAS loci among local STRPbased mQTL (at both adjusted p value <0.05, and nominal p value <10
) from different distances (e.g., 100 Kb, 500 Kb, and 1 Mb), the null distributions were generated by overlapping GWAS loci with randomly sampled HapMap SNPs 10,000 times (i.e., the number of SNPs for each sampling was determined by the number of SNPs within different windows of cis-acting STRP-based mQTL). The observed true numbers of GWAS loci within different windows were compared with the null distributions.
Co-localization of cis-acting STRP-based mQTL with ENCODE enhancers
To explore the potential mechanisms of cytosine modification regulation by STRPs, we characterized the co-localization of identified cis-acting STRPs in CEU population with the transcription factor binding sites (TFBS) and enhancers from the Encyclopedia of DNA Elements (ENCODE) Project (hg19) (Encode Project Consortium 2012), on a CEU cell line GM12878 (Ernst et al. 2011 ). Our identified cis-acting STRPs were mapped to the windows of ±10 Kb from the center of each TFBS or enhancer.
Results
Influence of STRPs on local cytosine modifications
Pearson's correlation coefficients (ρ) of STRP length data and M values of local CpGs within ±1 Mb windows for CEU, YRI, and the combined samples were calculated. Most analyzed STRP-CpG pairs showed relatively low correlation (ρ < 0.4) within ±1 Mb windows (Supplemental Figure 1) . By fitting linear models of cytosine modification levels on STRP length, we identified 183, 173, and 176 STRP-CpG association relationships in CEU, YRI, and the combined samples, respectively (p value <10 −3
; Table 1 ; Supplemental Table 1 ). In contrast, at an adjusted p value <0.05 (corresponding to nominal p value <4.0 × 10
), in total 21, 9, and 21 STRP-CpG association relationships for CEU, YRI, and the combined samples were identified, respectively (Table 1) . Among the 21 STRP-base mQTL (adjusted p value <0.05) in CEU, 15 of them were co-localized with TFBS/enhancers from the ENCODE (Supplemental Table 1 ).
Influence of STRPs on distant cytosine modifications
To evaluate the effects of STRPs on the levels of distant cytosine modifications, we also fitted the linear regression models between the length data of 721 STRs and the M values of 283,540 CpGs across the whole genome. The observed p values significantly differed from theoretical p values from the cutoff of 10 −5 (Supplemental Figure 2) , we therefore used the threshold of nominal p value of 10 −5 , for CEU, YRI, and the combined samples in whole genome scans. We identified in total 74,676 CpGs in CEU, YRI and the combined samples (p value <10 ; Table 1; Supplemental Table 2 ; Supplemental Figure 2 ). The number of significant STRP-CpG associations we observed in CEU, YRI, and the combined samples was 139,420, 76,817, and 121,866, respectively. Out of these associations, there were 41,794, 30,994, and 50,104 unique CpGs in CEU, YRI, and the combined samples, respectively.
We identified 177 and 103 master STRPs (i.e., those with >200 associated CpG sites) in CEU and YRI, respectively. For genes within ±10 Kb windows of these master STRPs, KEGG pathway enrichment analysis was performed. Gene sets containing a minimum of three genes with a Benjamini-Hochberg adjusted p value <0.05 were reported in Supplemental Table 3 .
Comparison of STRP-based mQTL between CEU and YRI
For the local scans, with a nominal p value cutoff of 10 −3 , there were 183 and 173 significant STRP-CpG association pairs in CEU and YRI, respectively. However, there were only two common pairs between the two populations ( Fig. 2) . At a more stringent cutoff of adjusted p value <0.05 (corresponding to nominal p value <4.0 × 10
), the number of significant STRP-CpG association pairs was 21 and 9 in CEU and YRI, respectively, with one STRP-CpG pair observed in both populations (Fig. 2) . For the wholegenome scans, a total of 17,042 common STRP-CpG associations for 9858 unique CpG sites were detected in CEU and YRI. The chromosomal distributions of STRP-based mQTL showed a different pattern between the two populations (Fig. 3) .
Comparison of STRP-based and SNP-based mQTL
SNP-based mQTL within ±1 Mb windows of those CpGs significantly associated with local STRPs were identified from the SCAN database . Within ±1 Mb windows of target CpGs, 40 out of 183 CpGs (21.9 %) in CEU, and 39 out of 173 CpGs (22.0 %) in YRI were overlapped with previously detected SNP-based mQTL (p value <10 −3 ; Fig. 2 ; Supplemental Table 1 ). In contrast, 13 out of 21 CpGs in CEU, and 4 out of 9 CpGs in YRI were overlapped with SNP-based mQTL (adjusted p value <0.05, corresponding to nominal p value <4.0 × 10 −5
; Fig. 2 ; Supplemental Table 1 ).
Enrichment of GWAS loci among cis-acting STRP-based mQTL
To assess whether GWAS loci were enriched with cisacting STRP-based mQTL, we obtained 4807 unique SNPs (nominal p value <1 × 10 −8
), covering 685 unique diseases/traits from the NHGRI GWAS Catalog (Hindorff et al. 2009 ). The GWAS loci <1 Mb away from local STRP-based mQTL were analyzed. We identified 120 unique GWAS loci, covering 75 (10.9 %) unique diseases/ traits. These SNPs were within ±1 Mb windows of 18 cisacting STRP-based mQTL (adjusted p value <0.05; Supplemental Table 4 ). Overall, 2.5 % of the unique GWAS loci were annotated, covering 10.9 % of the investigated diseases/traits. In comparison with the null distribution in ±0.5−1 Mb windows, the GWAS loci were enriched among cis-acting STRP-based mQTL at different p value thresholds (adjusted p value <0.05, Fig. 4 ; nominal p value <10 
Discussion
We assessed the association relationships of 721 STRPs and cytosine modifications for 283,540 autosomal CpG sites in two HapMap populations. Our observations suggest that, in contrast to the predominant cis-acting mode for SNP-based mQTL (Zhang et al. 2014) , STRPs are associated with cytosine modification levels in both cis-acting (local) and trans-acting (distant) modes (Fig. 3) . The correlation of STRP-CpG effect size and the distance between significant STRP and CpG was low (r = 0.065), suggesting that STRPs' contribution to cytosine modification variation is not sensitive to distance, a dramatic difference from (Zhang et al. 2014 ). Both cis-and trans-acting STRP-based mQTL showed a population-specific pattern (Figs. 2, 3) , which is consistent with our previous findings in SNP-based mQTL, suggesting that STRPs are important contributors to the population specificity of mQTL effects (Fraser et al. 2012; Moen et al. 2013; Zhang et al. 2014 ). However, given that a substantial proportion of STRP-based mQTL were not overlapped with SNP-based mQTL, these two types of mQTL could contribute independently to population specificity.
In comparison with the SNP-based mQTL detected from the same samples, a large proportion of the CpG sites detected with STRP-based mQTL appeared to be associated with STRPs alone. Therefore, STRPs may represent an independent source of genetic basis for cytosine modifications. Although a substantial proportion of the CpG sites were solely associated with STRPs, some of the detected CpG sites could be affected by both STRP and SNPs (Fig. 2, Supplemental Table 1 ). For example, cg08922148, the common local STRP-associated CpG site observed in both CEU and YRI, was associated with 37 SNPs according to our previous study (Zhang et al. 2014 ). This finding suggests more complicated mechanisms may underlie the regulation of cytosine modification, and STRPs may be complementary to SNP-based mQTL. Therefore, including this class of genetic variations will enhance our knowledge of the genetic basis for cytosine modifications.
We further evaluated the associations between gene expression levels (within ±10 Kb windows of local STRPassociated CpGs) and modification levels. However, no significant associations was found after FDR (false discovery rate) adjustment (FDR <0.05; Supplemental Table 5 ). This finding is consistent with a previous study that SNPbased mQTL and eQTL may provide orthogonal ways of functionally annotating genetic variation (Gamazon et al. 2013) . However, at 20 % FDR, one CpG site, cg13171904 was associated with TLN2 in the CEU samples. TLN2 is a protein coding gene related to actin binding and structural constituent of cytoskeleton (Monkley et al. 2001) . Both cg13171904 and TLN2 are located on chromosome 15. This gene has been linked to Alzheimer's disease according to the NHGRI GWAS Catalog (Hindorff et al. 2009; Stein et al. 2010) . Interestingly, Alzheimer's disease has been related to STRPs located on chromosome 14 (St GeorgeHyslop et al. 1992 ). Although we did not observe any STRPs from chromosome 14 associated with cg13171904, this may be due to the relatively small number of STRPs we investigated. This still could represent an example where STRPs regulate cytosine modifications in a distant mode, which further affect gene expression levels and lead to diseases/traits. Besides this potential link between STRPs and neural diseases through cytosine modifications, several nervous system-related pathways were enriched in KEGG pathway analysis for genes close to master STRPs (i.e., those with >200 associated CpG sites) in CEU and YRI (Supplemental Table 3 ). For example, long-term depression (LTD), an activity-dependent reduction in the efficacy of neuronal synapses lasting hours or longer (Kuroda et al. 2001) , was enriched among these genes in both CEU and YRI. This finding is consistent with a previous study that LTD is linked to STRP (Bolton et al. 2013) , suggesting these master STRPs may have functional implications for these complex diseases/traits. GWAS to date have generated a large number of disease/trait associations for which biological interpretation is largely lacking. Our previous study has demonstrated that GWAS loci were enriched for SNP-based mQTL (Zhang et al. 2014) , suggesting that linking trait-associated loci with intermediate phenotypes such as cytosine modification likely provided further insights into GWAS results (Zhang ). In the current work, we found that GWAS loci were enriched within ±0.5-1 Mb windows of cis-acting STRP-based mQTL, indicating that GWAS loci were enriched in a relatively far distance from cis-acting STRPbased mQTL. This may be caused by long-range linkage disequilibrium between STRPs and SNPs across the human genome (Payseur et al. 2008) . The overlapped GWAS loci (within ±1 Mb windows of cis-acting STRP-based mQTL) were annotated with a broad range of disease categories, such as breast cancer (Wooster et al. 1994) , colorectal cancer, and schizophrenia (Berto et al. 2007; Hattori et al. 2001) , which have already been related to STRPs (Berto et al. 2007; Hattori et al. 2001; Wooster et al. 1994) . For example, the GATA4H01-cg08922148 association we identified was related to CIT gene, which encodes citron rho-interacting serine/threonine kinase. CIT is involved in central nervous system development, and is associated with schizophrenia and bipolar disorder (Berto et al. 2007; Hattori et al. 2001) . Other annotated diseases, including Crohn's disease, inflammatory bowel disease, and chronic lymphocytic leukemia (Supplemental Table 4 ), are related to the functions of B lymphocytes from which LCLs are derived. This observation suggests that the cell linage specificity of cytosine modifications may play a critical role in determining disease outcomes. Overall, these overlapped GWAS loci represent about 2.5 % of unique SNPs from the NHGRI GWAS Catalog. This relatively small number is likely due to the small number of STRs genotyped in the current dataset. Notably, these loci corresponded to 10.9 % of the investigated complex traits in the NHGRI GWAS Catalog.
Although the mechanism underlying trans-acting effects of STRPs on cytosine modifications is not clear, one possible explanation for the cis-acting STRP-based mQTL could be their co-localization with TFBS/enhancers (Supplemental Table 1 ). As a recent report has demonstrated, transcription factors (TFs) can induce hypomethylation, even when these sites are methylated. In contrast, departure of TFs from decommissioned enhancers allows for subsequent re-methylation (Stadler et al. 2011) . Thus, with a mutation rate of 10 −3 to 10 −5 per generation (Pumpernik et al. 2008; Weber and Wong 1993) , STRPs could affect the accessibility of co-localized TFBS/enhancers, further alter local cytosine modifications. However, future work is needed to uncover the molecular mechanisms under which STRPs regulate DNA methylation patterns through changing the accessibility of TFBS/enhancers.
We recognize that there are several limitations in the current study. First, because of the relatively small sample size, we might not be able to completely exclude false negatives or false-positive findings. Second, the STRP markers available to us may not be comprehensive enough to allow capturing the massive genome-wide STR variations, in comparison with over 2 million common SNPs in previous SNP-based mQTL mapping studies (Zhang et al. 2014 ). However, these limitations are inherent in STRPs studies due to highly variable and non-unique nature of the STRs (Brahmachary et al. 2014) . In future research, these obstacles may be overcome with the development of long-read next-generation sequencing technologies (Li et al. 2015; Ram et al. 2015) .
In conclusion, STRPs appear to be an independent class of genetic variants that regulate the levels of cytosine modifications in both cis-and trans-acting modes in a population-specific way. Our findings provide a new angle to enhance our understanding of the genetic architectures of epigenetic variations. Elucidating STRP-based mQTL may provide novel insights into the underlying biological mechanisms of complex traits and disease pathogenesis. Inclusion of STRPs in future GWAS is highly recommended for a more comprehensive capture of genetic variation. We expect that mapping STRP-based mQTL in diverse cell types and under different treatment/disease conditions will greatly expand our understanding of complex traits in general.
